Background. In the CYD14 and CYD15 Phase 3 trials of the CYD-TDV dengue vaccine, estimated vaccine efficacy (VE) against symptomatic, virologically confirmed dengue (VCD) occurring between months 13 and 25 was 56.5% and 60.8%, respectively.
pooled for 9-to 16-year-olds, given the CYD-TDV target population of 9 and older [18] .
Prevaccination neutralizing antibody titers measure prior dengue infection and modify month 13 titers [19] and VE [15, 16] , with baseline seropositive individuals having greater VE. There was low statistical precision for assessing how VE varies with month 13 titers separately in the baseline seropositive and seronegative subgroups, because 86.6% of DENV-Any endpoint cases did not have baseline samples collected that would allow classifying them in these baseline subgroups. We include this analysis but focus on assessing how VE varies with month 13 titers in all participants and in age subgroups, where age positively correlates with dengue seroprevalence [20] [21] [22] [23] [24] [25] and with VE [15, 16] .
METHODS

CYD14 and CYD15
In harmonized designs, healthy children were randomly assigned (2:1) to vaccine or placebo and vaccinated at months 0, 6, and 12. Randomization was site-and age-stratified (2-5, 6-11, 12-14 years, CYD14; 9-11, 12-16 years, CYD15); participants were followed with active surveillance for dengue through month 25. All correlates analyses were based on the primary dengue study endpoint, DENV-Any, and the serotype-constituent endpoints DENV-1, -2, -3, -4, assessed previously for VE [15, 16] .
Case-Cohort Sampling Design
Participants enrolled in the first 2-4 months were randomly assigned to an immunogenicity subset for neutralization response assessment at months 0 (before Dose 1), 7, 13, and 25. Month 13 neutralization responses were also measured from all cases, defined as participants who experienced the dengue primary endpoint DENV-Any by month 25, constituting a case-cohort design.
Month 13 titers were assessed as correlates of risk (CoRs) and CoPs in participants who had not experienced the DENVAny endpoint by month 13. All analyses were based on dengue cases and dengue-free controls with month 13 neutralization data. Controls for analyses of each dengue serotype were defined by not having that serotype dengue endpoint by month 25; participants experiencing the dengue endpoint with another serotype were included. Controls for analyses of the DENV-Any endpoint were defined by not having the DENVAny endpoint by month 25.
50% Plaque Reduction Neutralization Test Assay
The PRNT 50 titers were measured by Sanofi Pasteur using CYD-TDV dengue strains [17] . The optimized, validated assay detects antibody neutralization-mediated reduction in virus infectivity [17] . Serial 2-fold dilutions of heat-inactivated serum (initial dilution 1:5) were mixed with a constant challenge-dose of virus and inoculated onto Vero cell monolayers. Cells were incubated under a carboxymethyl cellulose overlay for 4 days, after which they were fixed and immunostained with serotype-specific antienvelope antibodies, followed by alkaline phosphatase-conjugated secondary antibodies. Dengue-infected cells appear as visible plaques after incubation with a colorimetric substrate. The PRNT 50 is the reciprocal of the highest serum dilution at which ≥50% of dengue challenge virus (in plaque counts) was neutralized compared with the challenge virus control wells. Plaque counts were calculated for all 12 serum dilutions to ensure a dose-response relationship. Values less than the LLOQ (10) were set to 5.
Study Oversight
Sanofi Pasteur sponsored and funded the trials and reviewed the manuscript before submission. All relevant ethics review boards approved the protocols; parents/guardians provided written informed consent, and older children provided written informed assent before participation, according to local regulations [15, 16] .
Statistical Analysis
The analysis plan (Supplementary Material) was finalized before data analysis. For each trial, CoRs and CoPs [1, 26] for the DENV-1-4 endpoints and the DENV-Any endpoint were assessed following the analysis plan. We also applied the trial-specific analysis plan to the trial-pooled data set of 9-to 16-year-olds. The analyses of the DENV-k endpoint for a given serotype k assessed titer to serotype k as a CoR and CoP for DENV-k. The analyses of the DENV-Any endpoint assessed average titer as a CoR and CoP for DENV-Any. The average titer for an individual is the geometric mean of her/his 4 PRNT 50 values (1 per serotype). Average titer is a single summary biomarker that can be assessed as a CoR and CoP of DENV-Any with greater precision than the correlates analyses of the serotype-specific DENV endpoints [27] .
The CoR analyses were conducted using logistic regression and Cox proportional-hazards models accounting for the case-cohort sampling [28, 29] . The results were almost identical; only the Cox results are reported. All analyses right-censored participants at month 25 or at dropout if it occurred earlier. All analyses controlled for the baseline covariates sex, protocol-specified age categories, and country.
The CoR analyses were conducted separately in the vaccine and placebo groups, with results reported as estimated dengue hazard ratios (HRs) (with 95% confidence intervals [CIs]) for medium vs low and high vs low categories of neutralization response, with low, medium, and high defined by tertiles of all neutralization titers combined over the vaccine and placebo groups and the 4 serotypes. Wald tests were used to test for HRs differing from 1. Similar analyses were conducted for HRs per 10-fold increase in quantitative titers.
The CoPs were assessed using the VE curve-effect modification framework [1, 26, 30] , which studies how VE varies over vaccinated subgroups defined by month 13 neutralization titers. Two methods [31, 32] were used (for 31, see Supplementary Material), each using either hinge [33] or linear logistic regression models of dengue risk conditional on titer and baseline covariates. A hinge model was used if a likelihood ratio test supported a better fit (P < .05) and if there were enough dengue endpoints to support this more flexible model. This process selected hinge logistic models [33] for method [31] (except for DENV-4 in CYD14) and linear logistic models for method [32] . Hinge models specify that interindividual variability in titers at the lowest values near the LLOQ does not affect dengue risk, which is plausible because much of this variability reflects PRNT 50 technical measurement error. Both methods [31, 32] provide pointwise and simultaneous bootstrap-based Wald 95% CIs about the VE curve and test whether VE varies across titer subgroups. Method [34] was used to assess how VE varied with baseline average titer and method [35] was used to assess how VE varied by month 13 titers of vaccinees within baseline seropositive and seronegative subgroups. P values for testing each serotype-specific titer as a CoR were adjusted over the 4 serotypes using family-wise error rate (Holm-Bonferroni [36] ) and false-discovery rate (Q values [37] ) adjustment, separately for each treatment group and each trial. The same multiplicity adjustments were made for the serotype-specific VE curves. All P values and Q values are 2-sided. Figure 1 shows the number of study participants with neutralization data. With controls and dengue cases defined under Methods, month 13 titers were measured from n = 1879 controls (1275 vaccine, 604 placebo) in CYD14 and n = 1884 controls (1275 vaccine, 609 placebo) in CYD15. Month 13 titers were measured from n = 244 cases occurring after month 13 through month 25 (115 vaccine, 129 placebo) in CYD14 and n = 415 cases (183 vaccine, 232 placebo) in CYD15, representing 99.6% and 99.8% of the total DENV-Any cases. Because month 0 samples were collected only for the immunogenicity subset, month 0 neutralization responses were available for 99.7% of controls but only n = 52 (21.3%) cases in CYD14 and n = 36 (8.7%) cases in CYD15. Of the 2123 (2299) participants with month 13 neutralization data in CYD14 (CYD15), 99.6% (99.4%) received all 3 immunizations.
RESULTS
Titers were significantly higher in CYD15 than CYD14 in both treatment groups (Figures 2 and 3 and Supplementary Figure S1 ) (Holm, P < .001), presumably because participants in CYD14 were younger (2-14 years vs 9-16 in CYD15) and CYD15 had a higher frequency of dengue seropositivity. In children 9-16 years old, titer distributions were similar (Supplementary Figures S2 and S3 ).
In the CoR analyses by low, medium, and high, the consistent dose-response pattern of HR estimates support consistent inverse CoRs in each trial and treatment group (Table 1 and  Supplementary Table S1 ). In vaccine recipients, in each trial, the hazards of DENV-Any, DENV-1, and DENV-2 significantly decreased over low, medium, and high subgroups ( Figure 4 and Supplementary Figures S4A and B and S5A and B; P ≤ .001; Holm, P < .005). The pattern was similar for DENV-3 and DENV-4, albeit not significant in CYD14, possibly due to fewer dengue endpoints (Supplementary Figures S4C and D and S5C and D). In the CoR analyses by quantitative titers, in each trial and treatment group, the hazards of dengue decreased with average titer and serotype-specific titer, more strongly in the vaccine group (all interaction test P < .01) where the estimated HRs ranged from 0.19 to 0.43 per 10-fold titer increase over all DENV endpoint analyses (9 of 10 P < .01, 7 of 8 Holm P < .03) ( Table 1 and Supplementary Figures S4-S7 ). This differential association by treatment group suggests that vaccine-induced immunity is not equivalent to natural dengue virus-induced immunity.
Using method [31] , CYD14 vaccine recipients (all ages) with average titer at no seroresponse (defined as month 13 titer less than the LLOQ for all 4 serotypes) or at 82, 500, and 10 000 had estimated VE against DENV-Any of 2.3%, 47.4%, 78.1%, and 96.1%, respectively ( Figure 5A ). These estimates for CYD15 were 22.8%, 35.9%, 78.8%, and 98.3%, respectively ( Figure 5B), and in 9-to 16-year-olds pooled from both trials, the estimates were 34.6% (95% CI, 7.4-53.9), 50% (95% CI, 39.4-58.7), 80% (95% CI, 74.6-84.3), and 97.5% (95% CI, 95.5-98.6) ( Figure  5C ). The increase of each VE curve in Figure 5A -C was significant (P < .001). All serotype-specific estimated VE curves increased with homologous titers in each trial and pooled in 9-to 16-year-olds (Supplementary Figures S8-S10, Supplementary Table S2); the increase was significant for DENV-1 (P = .03, Holm P = .08) and DENV-2 (P < .001, Holm P < .001) in CYD15 and for DENV-1 (P = .005, Holm P = .01), DENV-2 (P < .001, Holm P < .001), and DENV-4 (P = .04, Holm P = .08) in 9-to 16-year-olds pooling over the trials. The alternative VE curve method [32] yielded similar conclusions, albeit with wider CIs (Supplementary Figure S11) .
Comparing serotype-specific VE curves among serotypes in the low (bottom tertile) homologous titer subgroups, some VE curves significantly differed in the low range (DENV-2 vs DENV-1, -3, -4 in CYD15, and DENV-2 vs DENV-1 and DENV-4 and DENV-1 vs DENV-4 in 9-to 16-year-olds pooling over the trials Supplementary Table S3) , with lower VE against DENV-2. The DENV-2 VE curves across the complete age range in each trial (Supplementary Figures S8 and S9 ) suggest possible negative VE for vaccine recipients without anti-DENV-2 titers (ie, PRNT 50 below the LLOQ). However, the simultaneous 95% confidence bands for DENV-2 VE include 0%, and an inference of negative VE is based on a very small number of vaccine-recipient DENV-2 cases (0 of 87 in CYD14 and 5 of 264 in CYD15). Figure 1 . Sample selection for the case-cohort studies. Participants enrolled in the CYD14 and CYD15 studies were vaccinated at months 0, 6, and 12, and neutralizing antibody titers at month 13 were evaluated as correlates of risk and protection. The analysis datasets consisted of all participants at risk at month 13 who did not experience symptomatic, virologically confirmed dengue (VCD) before month 13 and who had month 13 neutralizing antibody data. Cases refer to participants with documented symptomatic VCD that occurred between month 13 and month 25; controls refer to participants with no documented symptomatic VCD throughout the first 25 months of the trials.
Separate DENV-Any VE curves for the CYD14 age subgroups 2-to 5-year-olds, 6-to 11-year-olds, and 12-to 14-yearolds showed estimated VE consistently above 50% (75%) for average titers above 100 (1000) (Supplementary Figure S12) . At the LLOQ, there was a nonsignificant dose-response trend toward VE increasing with age, with estimated VE near zero for b The first P value is a global P value. For models with titer categories, the global test assesses whether the hazard rate of the dengue endpoint is constant over the low, medium, and high subgroups.
c The P value in parentheses is a Holm P value. For models of the DENV-1, DENV-2, DENV-3, and DENV-4 serotype endpoints, the global P values are adjusted over the 4 serotype endpoints.
d Geometric mean of the antibody titers to DENV-1, DENV-2, DENV-3, and DENV-4.
e An exact CI and P value (Fisher's exact test) was used because no dengue endpoint cases had high titers.
2-to 5-year-olds. For CYD15, the VE curves were similar for 9-to 11-year-olds and 12-to 16-year-olds (Supplementary Figure S13) . The DENV-Any VE curves by average titer for CYD14 9-to 14-year-olds versus CYD15 9-to 16-year-olds were similar (Supplementary Figure S14) . Comparing VE curves for CYD14 versus CYD15 in the low (bottom tertile) and highest Cumulative incidence of symptomatic, virologically confirmed dengue (VCD) of any serotype (DENV-Any) by month 13 average titer subgroups (low, medium, high) for the vaccine and placebo groups in CYD14 for all age groups (A and B) and CYD15 for all age groups (C and D). Two-sided P values test for different hazard rates (HR) of dengue across the 3 subgroups. Low, medium, and high are the bottom, middle, and upper third of the month 13 50% plaque reduction neutralization test (PRNT 50 ) titers of the month 13 at-risk cohort pooling over DENV1-4 and over the vaccine and placebo groups within each trial. Medium response titer = 58.0-266.0 in CYD14 and 135.0-631.0 in CYD15.
(top 20%) homologous titer subgroups of 9-to 16-year-olds, VE in the highest range was only significantly different for DENV-2 (P = .007, Holm P = .06) and in the low range only for DENVAny (P = .01) (Supplementary Table S4 ). The differences in ages and related differences in prior dengue exposure may explain these differences in the VE curves between the trials.
The DENV-Any VE curves by month 13 average titer for baseline seropositive and baseline seronegative subgroups in 9-to 16-year-olds pooled across trials were similar, with estimated VE approximately 25% for vaccine recipients with no seroresponse at month 13 (Supplementary Figure S15) . For vaccinees with month 13 average titers of 500 and 10 000, respectively, estimated VE was 79.3% and 97.3% for the baseline seropositive subgroup compared with 70.4% and 91.8% for the baseline seronegative subgroup.
Vaccine efficacy against DENV-Any from month 0 to 25 increased with baseline average titer (P = .01 in CYD14, P = .04 in CYD15, P = .006 in CYD14 + CYD15 9-to 16-year-olds, and P < .001 in CYD14 + CYD15 all ages) (Figure 6A-D) . In CYD14 (CYD15), estimated VE increased from 32% (49%) for dengue seronegative participants to 99% (97%) for participants with maximal baseline average titers ( Figure 6A and B) ; the stronger effect modification in CYD14 is likely due to the inclusion of younger children. Vaccine efficacy against DENV-Any increased more strongly with month 13 average titer than with baseline average titer (Figures 5 and 6 ), indicating that postvaccination titers were a stronger modifier of VE. Supplementary   Table S5 lists VE estimates for baseline subgroups and month 13 vaccinee subgroups at the PRNT 50 values <10, 100, 500, 1000, and 10 000.
DISCUSSION
We conducted a correlates analysis to assess how PRNT 50 titers after 3 immunizations with CYD-TDV (month 13) associated with VCD and with VE against VCD, for VCD outcomes occurring between month 13 and 25; in the future, it will be important to study PRNT 50 correlates of longer-term dengue outcomes. Higher PRNT 50 titers after 3 immunizations with CYD-TDV were associated with a lower rate of VCD, for each trial and serotype. In addition, estimated VE against VCD of each serotype monotonically increased with homologous neutralization titer, and VE against VCD of any serotype (DENVAny) increased with average titer. The DENV-Any endpoint analysis had the greatest statistical precision and supported zero or low VE for vaccine recipients with no seroresponse (month 13 titer less than the LLOQ for all 4 serotypes) to dengue, and VE increased to above 95% for vaccine recipients with highest average titers. These results were similar between the 2 trials, except that vaccine recipients with no seroresponse had VE near zero in CYD14 but approximately 25% in CYD15. Moreover, in 9-to 16-year-olds pooled over the trials, vaccine recipients with no seroresponse had approximately 35% VE against DENVAny, indicating that PRNT 50 titers are not a completely valid CoP according to the definition of [38] , which requires VE for vaccine recipient nonresponders to be 0%. Violation of this requirement implies that the immune response marker does not fully mediate the vaccine's effect on the dengue outcome [39] . This result supports that other factors besides PRNT 50 titers (eg, [9-13, 40, 41] ) played a role in VE. However, high titers were a remarkably consistent marker of high VE, holding across all serotypes, age groups, and both trials, suggesting that PRNT 50 could potentially be used for extrapolation of VE for bridging to other populations where high titers are observed. Moreover, both baseline seronegative and baseline seropositive subgroups with high postdose 3 titers had high estimated VE. Although these last results had relatively low precision, they support that baseline seronegative vaccine recipients still received protection from the CYD-TDV vaccine if they had a high neutralization response to vaccination. Estimated VE increased more with anti-DENV-1 and anti-DENV-2 titers than with anti-DENV-3 and anti-DENV-4 titers, and CYD15 vaccine recipients with homologous titers below 135.0 (bottom tertile) had significantly lower VE against DENV-2 than against DENV-1, DENV-3, and DENV-4. These results support that vaccine recipients with no month 13 response to DENV-2 had no VE against DENV-2, whereas vaccine recipients with no month 13 response to DENV-3 or no month 13 response to DENV-4 did have partial beneficial VE .5%, 20.6%, 26.6% participants, respectively, were baseline seronegative (month 0 titer less than the lower limit of quantitation for all available serotypes).
against DENV-3 and DENV-4, respectively. These results indicate that-like for DENV-Any-other factors besides PRNT 50 titers played a role in VE against DENV-3 and DENV-4, such as qualitative functional differences in the antibodies to the different serotypes [19, 42] . Moreover, the observation in both trials that DENV-2 titers were significantly higher than DENV-4 titers, yet estimated DENV-4 VE was significantly higher than DENV-2 VE (75% vs 35%, P = .009 in CYD14; 78% vs 42%, P = .005 in CYD15), indicates that PRNT 50 titers are not a completely valid CoP, suggesting potential qualitative differences in the humoral immune responses or that protective levels of neutralizing responses differ by serotype [3, 6] . As shown in Supplementary Figures S16 and S17, all vaccinated cases with no month 13 seroresponse to at least 1 serotype (n = 14 in CYD14, n = 43 in CYD15) had a month 13 seroresponse to at least 1 serotype different from the case-causing serotype. Most of the 58 vaccinated cases had a DENV-1 (n = 20) or DENV-2 (n = 26) endpoint, where the former had a lower frequency of month 13 seropositivity to the case-causing serotype (7 of 20 [35%] for DENV-1 vs 22 of 26 [85%] for DENV-2). This may suggest a distinct feature of DENV-2 with less protective immunity indicated by seroresponse compared with other serotypes.
In CYD14, estimated VE against DENV-Any was consistently high across the subgroups 2-5, 6-11, 12-14 years with high average titers (eg, VE at least 75% for average titers above 1000, as noted above). However, at the lowest titers, the data supported VE near zero for 2-to 5-year-olds and increasing with age category. This suggests that achieving high titers to vaccination is especially important in the youngest children to attain VE. The ability of high-titer responses to eliminate an age effect suggests that the molar excess of antibody compensates for qualitative differences in the humoral response. A potential explanation for these age differences is the increasing rate of dengue seropositivity at baseline with age (Supplementary Figure S18) [42] .
In contrast to the month 13 titer results, in both trials, fold-rises in titer from baseline to month 13 were not associated with dengue in either treatment group nor with VE (Supplementary Figures  S19 and S20 ). This suggests that it is not the new neutralization response over baseline generated by the vaccine that predicts dengue or VE, but rather the absolute titer achieved after vaccination. The opposite result was seen in a herpes zoster VE trial [30] .
For several licensed vaccines, an "absolute correlate" [2] is available for which 100% VE can be predicted by an immune response biomarker exceeding a threshold. Such an absolute correlate was not observed (7 vaccine recipients had breakthrough dengue disease despite having very high neutralization titers), classifying neutralization titers as a "relative correlate" [2] .
CONCLUSIONS
Our findings are consistent with 2 models of CYD-TDV VE.
In a "quantitative model, " the lower protection in month 13 seronegative individuals and the youngest children with low month 13 titers derives from a subpotent neutralization response. In a "qualitative model, " the lower protection derives from qualitative differences in the vaccine-induced antibodies by serotype and serostatus before vaccination; presumably, the correspondingly low proportion of potent antibodies with the needed qualities is insufficient to confer complete protection. These models could be tested and refined by adding other immunological assays to the assessment of month 13 correlates.
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